Abstract In Astronomy, the brightness of a source is typically expressed in terms of magnitude. Conventionally, the magnitude is defined by the logarithm of the received flux. This relationship is known as the Pogson formula. For received flux with a small signal to noise ratio (S/N), however, the formula gives a large magnitude error. We investigate whether the use of Inverse Hyperbolic Sine function (after this referred to as the Asinh magnitude) in the modified formulae could allow for an alternative calculation of magnitudes for small S/N flux, and whether the new approach is better for representing the brightness of that region. We study the possibility of increasing the detection level of gravitational microlensing using 40 selected microlensing light curves from 2013 and 2014 season and by using the Asinh magnitude. The photometric data of the selected events is obtained from the Observational Gravitational Lensing Experiment (OGLE). We found that the utilization of the Asinh magnitude makes the events brighter compared to using the logarithmic magnitude, with an average of about 3.42 × 10 −2 magnitude and the average of the difference of error between the logarithmic and the Asinh magnitude is about 2.21 × 10 −2 magnitude. The microlensing events, OB 140847 and OB 140885 are found to have the largest difference values among the selected events. Using a Gaussian fit to find the peak for OB140847 and OB140885, we conclude statistically that the Asinh magnitude gives better mean squared values of the regression and narrower residual histograms than the Pogson magnitude. Based on these results, we also attempt to propose a limit of magnitude value from which the use of the Asinh magnitude is optimal for small S/N data.
INTRODUCTION
Gravitational lensing is predicted by Einstein's theory of general relativity. The gravitational field of a massive object causes the light rays passing it to bend. The more massive the object, the stronger its gravitational field and hence the greater the bending of light rays. The images may be shifted from their original locations and distorted. The effects of light deflection due to a gravitational field is called gravitational lensing. Gravitational lensing is divided into three groups (Schneider et al. (1986) ): (1). Strong lensing, where there are visible distortions such as the formation of Einstein rings, arcs, and multiple images. (2). Weak lensing, where the distortions of background sources are much smaller and can only be detected by analyzing large numbers of sources in a statistical way to find coherent distortions of only a few percent. The lensing shows up statistically as a preferred stretching of the background objects perpendicular to the direction of the center of the lens. (3). Microlensing, where no distortion in shape can be seen but the amount of light received from a background object changes in time as it passes behind a lens. In one typical case, the stars in The Galaxy may act as the lensing object and a star in the Bulge of Galaxy or a remote galaxy as the background source.
For star microlensing (from now on termed microlensing), the lensing object is a stellar mass compact object (Mao (2008) ). The lens is situated on the line of sight from the Earth to a background source (the top left side panel in Figure 1 ). A background source radiates light rays passing the lens at different distances and directed towards the lens. The light rays will be bent at a particular bending angle that is affected by their distances to the lens. The bending angle increases with decreasing distance from the lens, and there is a unique distance such that the ray will be deflected just enough to hit the Earth. The unique distance is called the Einstein radius. If the lens moves closer to the line of sight, the effect of gravitation on light rays will be strengthened, so that the source (background) appears brighter. If the lens moves away, the background star brightness will revert to normal. Because of rotational symmetry about the Earth-source axis and when the lens, source and observer are perfectly aligned, an observer on Earth could see the images form a ring (called the Einstein ring). The Einstein ring is centered on the 'true' position of the source (the projected position of the source on the plane of the sky). For any other source position, an observer on Earth could see an image, and the source will be mapped into two annuli, one inside the Einstein ring and one outside. In microlensing, the separation angle of the image is to small be visible (smaller than milli arc seconds). We can observe only the changing of the brightness of the source as a function of time, known as the microlensing light curve (after this referred to as the light curve).
The light curve will have a symmetric shape if the motion of the lens, the observer, and the source can be considered as linear movements. The right side panel in Figure 1 shows two light curves with two impact parameters (u 0 ) = 0.1 and 0.3. The impact parameter is associated with the gravitational effect of the lens on light from the source which passes close to the lens. To describe the standard light curve and its parameters, the source trajectory is also shown (bottom left side panel in Figure 1 ). We put the lens at the origin and the source moves along the x-axis across the line of sight. The position of the light source along the trajectory is expressed in dimensionless coordinates (x s , y s ). The first coordinate (x s ) = (t − T 0 )/t E and the second (y s ) = u 0 . The distance between the lens and the source is r s . From that, the impact parameter u 0 (in unit time scales (t E ) is considered as the closest distance to the lens when the source moves along the trajectory. The peak time (T o ) is the time when the light source would be closest to the lens and the time scale (t E ) is defined as how long the source takes to traverse the Einstein ring. u 0 , t E , and T 0 are the parameters used to model the standard light curve (equation (1)).
where A(t) is the magnification of brightness of a source as function of time, r s (t) is the distance between the lens and source as function of time:
tE ) 2 . We also note that the variability due to gravitational lensing is achromatic because photons from any wavelength will follow the same propagation path. Revitalization of research into gravitational microlensing was initiated by Paczynski (1986) . The probability of observing microlensing, when we look towards Galaxy Bulge, is on the order of one in a million (Udalski et al. (1994a) ), and in general, microlensing of a particular object is not repeated. Therefore, it is necessary to conduct a regular and continuous survey of areas with a high density of stars or a large number of stars. The Optical Gravitational Lensing Experiment (OGLE) group is one of the research groups routinely providing data and have implemented an early warning detection system for gravitational microlensing events (Udalski et al. (1994b) ).
In general, the results of photometric observations of astronomical objects provide the flux received by an observer on the Earth (after this referred to the flux (f )). The flux is converted into magnitude (m) using the Pogson equation (after this referred to the conventional method).
where m 0 ≡ 2.5 × log f 0 , f 0 is the flux of an object with magnitude 0.0. The Error of Magnitude (∆ m) is expressed as:
Conversely, the Error of Flux (∆f ) can be expressed as follows:
The Pogson formula can work well and give a reliable of Error of Magnitude for objects with large flux. Conversely, for a small flux, which usually also means small signal to noise ratio, we will obtain a large and asymmetric Error of Magnitude. The Error of Magnitude is asymmetric because it has a non-Gaussian and skewed distribution. Therefore it is not suitable for defining the magnitude of faint objects. Lupton et al. (1999) proposed a new set of equations to define the brightness of celestial objects from the measured fluxes directly, using the Inverse Hyperbolic Sine function (Asinh) which can behave well on a small signal to noise ratio as follows
where µ is the Asinh magnitude, V ar(µ) is the variance of the Asinh magnitude, a ≡ 2.5 × log e = 1.0857 (Pogson ratio) with e = 2.7182,
, is a softening parameter used to give same result with the Pogson formula for the large flux), with b = √ a × σ = 1.042 × σ, is arbitrary "softening" constant that determines the flux level at which linear behavior sets in and also as a optimal setting that balances two effects: it minimizes the differences between the Pogson and the Asinh for high S/N data and minimizes the variances for the low flux,
is combination of noise of the flux (σ) and the flux of an object at magnitude 0.0 (f o ), f is the flux of the object, in this work, we obtained the flux value by using equation (7). This definition of magnitude has been applied in the Sloan Digital Sky Survey/SDSS project (York et al. (2000) ). In 2005, the Asinh magnitude formula had used in the study of photometric standard stars at the Bosscha Observatory, Institute Technology of Bandung (Pujijayanti et al. (2006) ). Fig. 1 The top left panel shows a side on view of the geometry of gravitational microlensing where a lens moves across the line of sight towards a background source. The bottom left panel shows an illustration of the lens position and the source trajectory. The position of an observer is in line with the plane of the lens and the source. The lens is at the origin and the source moves across the line of sight along the x-axis. The closest approach of the source (x s = 0) is achieved at time t = t 0 , then r s is the distance between the lens and the source and the dimensionless source position along the trajectory is given by x s = (t-t 0 )/t E and y s = u 0 (also known as the impact parameter). The impact parameter is associated with the gravitational effect of the lens on light from the source which passes near the lens. The right panel shows two light curves associated with two dimensionless impact parameters of lensing events (u 0 ) = 0.1 and 0.3. The time on the horizontal axis is centered on the peak time t 0 when there is the closest approach of the source and is normalized to the Einstein radius crossing time t E . (Adaption from Mao (2008) ).
OBJECTIVES AND METHODOLOGY

Objectives
Generally, to determine if the use of the Asinh magnitude gives better results, for example, smaller errors, for small signal to noise photometric data and therefore increase the possibility of detecting fainter microlensing events. Specifically, to obtain the magnitude range in which the Asinh magnitude significantly gives a better detection level than the conventional method for the instruments used by the Early Warning System Observational Gravitational Lens Experiment, from now on, called the EWS-OGLE (http://ogle.astrouw.edu.pl/ogle4/ews/ews.html).
Methodology
In this work, we do two things: First, we simulate the flux of an object using inputs such as temperature range, size, and distance of the object. In this work, we chose three distinct values of stellar radii, namely 1-3 Solar radii (R ⊙ ) and stellar temperatures ranges from 3000 to 11000 K, correlated with stars of spectral classes A to M, observed in the optical region λ = 5500Å. In addition, we also adopt one value of light source distance, D = 8.5 kpc. The error of the Flux was derived by assuming a Poisson distribution as the distribution of the photons from the source. After calculating the flux value and the error of flux from the input data, we then calculated the Pogson magnitude (m) and the Error of Magnitude(∆m) using equations (2) and (3). Subsequently, we converted the Pogson magnitude (m) into the Asinh magnitude (µ) using equation (5), and its corresponding error by taking the square root of its variance (using equation (6)).
Second, we also applied equations (5) and (6) to convert photometric data of microlensing events from the EWS-OGLE database to the Pogson magnitudes (m) and the error of magnitudes (∆m), and after that to the Asinh magnitude (µ and ∆µ). As we could not obtain the flux from EWS-OGLE, we used equation (7), together with the information for I-band filter from Table A2 in Bessell et al. (1998) Appendix B, and the previously calculated Pogson magnitude (m) values to calculate the flux (f ). After that, we calculate the error of flux (∆f ) using equation (4). As mentioned in Udalski et al. (2015) , the I-band filter in OGLE-IV camera that was used to collect the EWS-OGLE data very closely resembles the standard I -band filter. The equation used to calculate the flux is as follows:
where M λ is the I-band filter magnitude from EWS-OGLE, f λ is the flux of the object/events, z p is the zero point = 0.444. We compare the results between the Asinh method and conventional method, and then we will be able to give our best estimate, for the magnitude range, where the Asinh is recommended to be used as a substitute for conventional methods for instruments used in EWS-OGLE.
DATA
The OGLE group obtained the photometric data for the EWS-OGLE database by using a 1.3 m Warsaw University Reflector with mosaic CCD camera. The V -and I-band interference filter set for the OGLE-IV camera. The mosaic camera was composed of 32 thin E2V44-82 2048 × 4096 CCD chips (Udalski et al. (2015) ). The reflector was mounted on a Ritchey-Chrtien system at Las Campanas Observatory, Chile (φ = 29 0 00' 36.9 ′′ S; λ = 70 0 42' 5.1 ′′ W ). For the purpose of this work, 19 microlensing events were selected from the 2013 season, with a range of time of the event of maximum brightness (T max ) from 2456342.688 to 2456533.251 and 21 events from the 2014 season with T max range from 2456726.323 2456914.471 (Table 1 ). The T max is specified in HJD (Heliocentric Julian Date). To emphasize, we only used I-band photometric data from the EWS-OGLE database. Every selected event meets three microlensing light curve model parameters: the maximum amplification (A max ) ≤ 6.5 (intensity units), the magnitude amplification (D mag ) < 1.9 magnitude, and the base magnitude of the source in I-band (I 0 )≥ 19.5 magnitude. 
RESULT
The flux simulation
The flux simulation with input star radius of 1 R ⊙ resulted in the lowest values of flux. The lowest fluxes were found to produce the largest magnitude values and the largest errors of the flux. In this case, it can be seen that the Asinh formulae gave a smaller error range than the Pogson equations (Figure 2 and 3) . We also found that the Error of Magnitude histogram for the Asinh formula is narrower than that for the conventional method (Figure 4) . Statistically, the Asinh formulae gave better flux-tomagnitude transformation. Consequently, we also found that the Error Difference, which was defined as the difference between the Pogson Error of ). The inset picture shows the same plot but for stellar temperatures ranges between 3000 -11000 K. (Ibrahim et al. (2015) ). 
The photometry data from the selected events
First, the photometry data of the selected events are transformed to the flux and its error. After that, we used equations (5) and (6) to calculate the Asinh magnitude and their errors for all selected events. Because the events occur over time, there is not a single magnitude value or error value but an average over time. For analysis of a selected events, we calculate the average of magnitudes and the average of the Error Difference. The average of the Magnitude Difference has a range from 8.556 × 10 −3 to 2.589 × 10 −1 magnitude and the average of the Error Difference has a range from 1.495 × 10 −3 to 3.567 × 10 −1 magnitude ( Figure 6 ). The data of the differences are presented in Table 2 . From the figure, we can see all of the selected events are grouping in an area with an average of Magnitude Difference < 0.06 and an average of Error Difference < 0.04 except two events, OB140847 and OB140885. Both of the events have the largest of the differences, the largest of the standard deviations of magnitude, the smallest signal to noise ratios, and the faintest magnitudes among the selected events ( Table 2) . Because of these facts, we chose them for further analysis and light curves are presented in Figure 7 . We could see that the Asinh magnitude has a smaller value than the Pogson magnitude. The range of the Asinh magnitude is about 18.4 to 21.9 for both events. But, the ranges of Pogson magnitude are about 18.4 to 24.4 (OB140847) and 18.4 to 24.0 (OB140885). Also, the Asinh magnitude gives a smaller Error of Magnitude than the Pogson magnitude. The largest average of the Error Difference is 0.357 from one event: OB140847 and the smallest is 0.002 from four events: OB130123, OB130131, OB130671, and OB131691 (Table 2 ). These facts can be seen more firmly in the examples given in Figure 8 , which shows the relationship of the Error Difference and the Flux from both methods. The results are similar to the results from subsection 4.1. Further, we compare graphs of the Magnitude Difference versus Flux with histograms both magnitude. These are shown in Figure 9 . From the figure, we see that the histograms of the error from the Asinh are narrower than the logarithmic (Pogson). Table 2 ). The red circles are the Pogson magnitude and the blue crosses are the Asinh magnitude. The horizontal axis is (HJD -2450000) and the vertical axis is the Magnitude.
We found another interesting result from plotting the Error Difference with Magnitude (Figure 10 ), there is a tendency that the Error Difference will grow rapidly for small magnitude. We want to know if there is a equation that can describes the Difference Error as a function of magnitude.
To find the equation, we did the curve fitting to the data set. On the basis of the fact that there is a tendency that the Error Difference will expand exponentially for the small magnitude, the authors choose an exponential function (Ibrahim et al. (2015) ) to relate Error Difference (δ) with each magnitude (m). The relation is given in equation (8).
where δ is Error Difference, m is magnitude, a is a constant of the function, and b, c are coefficients of the function. Later, we found that the coefficient of determination (R 2 ) of curve fitting is always greater than 0.72 (Table 3 ). The smallest coefficient of determination is 0.725 (OB141691) and the largest is 0.988 (OB130553). The examples of the model fitting and their residuals are presented in Figure 10 . Given the goodness of fit, we could say that the Error Differences are dependent on their magnitude.
We set the data from the exponential fit of the Error Difference (the Pogson Error of Magnitude -the Asinh Error of Magnitude) to the Pogson Magnitude as the reference data set/reference curve. We subtracted the data of the exponential fit of the Error Difference to the Asinh magnitude by the reference data set/curve. Before the subtraction, the two data sets would be interpolated or extrapolated. Later, we calculate the result of subtract reference curve for each event (in magnitudes). Then, we can For all the events, we were able to find the magnitude that produced |∆δ| = 0.001. However, we only found magnitude limits from some events that can produce |∆δ| = 0.0001 (Table 3) . We called these "magnitude limits". Noting that the current limit of detectable stellar variability is on the order of 10 −3 magnitude, the Error Difference of all events could be significant. We firmly recommended using the Asinh magnitude for EWS-OGLE data when the magnitude is about 20.343 or fainter.
DISCUSSION AND CONCLUSIONS
Generally, from the curve fitting, the results from the conventional method look similar to those of the Asinh method. In order to find out whether the data produced from the two approaches are distinguishable, we carried out some hypothetical population testing to determine if the Pogson dataset and the Asinh dataset come from the same population. We used a two-sample t-test and a variances test. The null hypothesis assumes that the data sets are the same. For the t-test, no mean difference between the data sets would indicates that the null hypothesis is true, while a mean difference would support the alternative hypothesis. For the variances test, no variance difference would indicate that the null hypothesis is true, while a ratio of the variances larger than 1 would support the alternative hypothesis. After performing the tests, we found that 20 out of the 40 selected events reject the null hypothesis for both tests, and hence we conclude that the difference between the Pogson dataset and the Asinh dataset is significant. We then divided the selected events into four groupings: Group I contains those events that reject the null hypothesis for both tests. Group II contains those events that reject the null hypothesis for the t-test only. Group III contains those events that reject the null hypothesis for the variances test only, and Group IV contains those events that accept the null hypothesis for both tests. We also found that, in general, the average signal-to-noise ratio (S/N) for the 20 selected events (in Group I) is smaller than that for the other events. The results are presented in Table 2 and Figure 13 . The results of the population tests indicate why a half of the selected events have similarity in the residual plots from the curve fitting.
By looking at the Error Difference (Error of Pogson -Error of Asinh) vs Flux plots (similar to Figure  8 ), it is clear that for larger fluxes, there are no significant differences in magnitude or their error between two methods. However, this is not the case for small fluxes. The Asinh method is found to give a smaller deviation than the Pogson method for the low flux region. The result is similar to that described by Lupton et al. (1999) . We also found that the average of the Magnitude Difference between two methods is in the order of 0.01 magnitude and the Error of Magnitude from the Asinh method is always smaller than that given by the conventional method. The average of Error Difference is in the order of 10 −2
magnitude. At what limit would we recommend using the Asinh rather than the conventional method? For the instrument used by the OGLE, the limit is 20.343 magnitude. Fainter than that and the Asinh will be better than the conventional method. It is possible to a conduct similar experiment with other instrument systems, to define their magnitude limits. We speculate as to why there are 20 events that have a large error and hence for them the Asinh is more appropriate? Firstly, they have the faintest magnitude among our selected samples and a high sky level. For example, we can see from the Table 2 that the event OB140847 has the faintest magnitude = 24.385 and sky level = 614.79. After examining photometric data from EWS-OGLE further, it could be seen, in general, that the average sky level during the observation is higher than for other groups (Table 2) . This makes the S/N ratio for these objects smaller than the other groups. The two lowest S/N ratios are 3.33 (OB140847) and 4.69 (OB140885). Another factor that needs to be considered is the number of data. This factor places the OB141106 (the number of data = 188) into Group IV as well as having small S/N. From these, we conclude, there is a combination of several factors such as magnitude, sky level, Secondly, from the result of fitting the magnitude data with the Gaussian function to find the peak of the light curve, there is an indication that the Asinh magnitude is statistically better than the Pogson magnitude for small S/ N data. The parameters of Gaussian fitting for OB140847 and OB140885 data are presented in Table 4 . Other results show that the Asinh magnitude fitting residual histograms are narrower than the Pogson's (Figure 11 and 12) . In other words, by using the Asinh magnitude, we can determine a more certain base magnitude for each event compared to Pogson magnitude.
The reduced χ 2 = 2.232 (for the Asinh data) is higher than 1.559 (for the Pogson data) from OB140847 and 1.707 (for the Asinh data) is similarly higher than 1. Table 5 . This study provides hope that we could detect microlensing events from a noisier observation when using the Asinh method. If we can retrieve the raw data from the EWS-OGLE database, there is the possibility of discovering other microlensing events from fainter stars. We also hope that our work could be of significant help to the observatories who suffer from an increasingly more light-polluted observation environment, such that they could obtain more valuable signal from fainter stars. 
